A detailed analysis of the projectile-like fragments detected at backward angles in the reactions 16 O, 32 S+ 208 Pb at energies below the fusion barrier is presented. Excitation functions corresponding to nucleon transfer with ∆Z = 1 and ∆Z = 2 were extracted, indicating surprisingly large absolute probabilities at sub-barrier energies. A comparison of 2p transfer probabilities with time-dependent Hartree-Fock calculations suggests strong pairing correlations between the two protons. Excitation energies in the projectile-like fragments up to ∼ 15 MeV for the 16 O and ∼ 25 MeV for 32 S-induced reactions demonstrate the population of highly excited states in the residual nuclei, indicating substantial dissipation of kinetic energy. These highly inelastic (large excitation energies) and complex (correlated few-nucleon transfer) processes may be closely related to the depletion of fusion through tunnelling at sub-barrier energies.
Introduction
Heavy-ion collisions provide an interesting field to study the effects of quantum-mechanical properties as well as classical phenomena, and how they emerge in the dynamics of the collision process at different energies. At energies well below and close to the fusion barrier, heavy-ion collisions are entirely driven by quantum mechanics. For example, fusion at sub-barrier energies occurs through tunnelling through the fusion barrier. Furthermore, sub-barrier fusion as well as its complementary process, scattering, are affected by the internal structure of the collision partners [1, 2] . In describing sub-and near-barrier nuclear collisions, the coupled reaction channels formalism, where colliding nuclei are considered to be in a coherent superposition of their intrinsic states, has proven extremely successful. However, at deep sub-barrier energies (e.g. ∼ 5 MeV below the fusion barrier energy in the reaction 16 O+ 208 Pb) measured fusion cross sections [3] [4] [5] [6] fall below those predicted by coupled reaction channels calculations using standard Woods-Saxon potentials. This deep sub-barrier fusion suppression has been observed in a range of different reactions. A major question in nuclear physics is to explain the physical mechanisms causing this suppression of fusion, since extrapolations of fusion probabilities to energies typical for astrophysical scenarios show large variations (up to 40 orders of magnitude) between different phenomenological models [7] [8] [9] .
At energies above the fusion barrier fusion cross sections are also significantly below standard coupledchannels calculations [5, 10] using the same Woods-Saxon parametrization for the nuclear potential. A detailed analysis of this above-barrier fusion suppression for different reactions shows an increase of the suppression factor with the charge product of the colliding nuclei. Correlated with increasing above-barrier fusion suppression is increasing dissipation of kinetic energy into nucleonic degrees of freedom, known as deep inelastic collisions (DIC) [10, 11] . This becomes important with increasing matter overlap at energies near and a e-mail: maurits.evers@anu.edu.au above the fusion barrier energy. The importance of (multi-) nucleon transfer in these DIC processes at energies well above the fusion barrier has been discussed in a recent review [12] . Transfer processes that lead to high excitation energies in the residual nuclei were suggested [10, 13] as a key to understanding the above-barrier fusion suppression through the onset of irreversible dissipative processes.
In this paper recent results are discussed which suggest that mechanisms used to explain above-barrier fusion suppression may also be responsible for the suppression of fusion through tunnelling at deep sub-barrier energies. Using the reactions 16 O, 32 S+ 208 Pb, (i) the significance of transfer processes in nuclear collisions at energies well below the fusion barrier is established, and (ii) the details and underlying mechanisms of these transfer processes are explored.
Measurements
All measurements were done at the 14UD electrostatic accelerator of the Heavy-Ion Accelerator Facility at the Australian National University (ANU), using beams of 16 O and 32 S incident on a 208 PbS target with a thickness of 100 µg/cm 2 , evaporated onto a 15 µg/cm 2 C backing. A ∆E − E detector telescope consisting of a propane gas filled ionization chamber and a Si detector located at a backward angle of θ lab = 162
• was used to record the energy E Si and energy loss ∆E gas of the back-scattered projectile-like fragments (PLFs). Two Si monitors positioned at ±30
• were used to normalize the back-scattered events to the Rutherford cross section. A typical two dimensional spectrum for a measurement of the reaction 16 O+ 208 Pb at a beam energy corresponding to a ratio of the centre-of-mass energy to the fusion barrier energy E c.m. /V B = 0.98 is shown in Fig. 1 . The three distinct regions correspond to oxygen, nitrogen and carbon PLFs, which are associated with the transfer of ∆Z = 0, 1 and 2 units of charge. The peak at E Si ∼ 50 MeV is due to elastically scattered 16 population of highly excited states, even at beam energies well below the fusion barrier. At an energy ∼ 5 MeV below the barrier, excitation energies up to ∼ 15 MeV are observed for the 16 O-induced reaction and ∼ 25 MeV for the 32 Sinduced reaction.
Simple optimum Q-value considerations as detailed in Ref. [19] show that there is a significant contribution to the total differential transfer probabilities dP/dE x from processes leading to excitation energies higher than the optimum Qvalue based excitation energy.
GRAZING calculations
Calculations were performed using the code GRAZING [25, 26] , which is based on a semi-classical model. The code allows to include couplings to both single-nucleon transfer channels and collective excited states of the interacting nuclei. Multi-nucleon transfer occurs via a multi-step process, i.e. calculated 2p transfer probabilities imply sequential transfer of two uncorrelated protons. The resulting coupled equations are solved in the semi-classical approximations for the relative motion of the interacting nuclei. It is important to note that GRAZING calculations give differential transfer cross sections as a function of excitation energy of the PLFs integrated over all impact parameters (i.e. angular momenta). A comparison with the measured excitation energy spectra at the angle of θ lab = 160.6
• is justified since the 2p transfer angular distributions are strongly peaked at backward angles at the measured energies, see Ref. [15] .
GRAZING calculations following ∆Z = 2 transfer in the reactions 16 O, 32 S are shown in Fig. 3 . All GRAZING differential transfer cross sections were scaled by the same factor, which was determined such that GRAZING calculations reproduce the total measured 2p transfer probability in the reaction 32 S+ 208 Pb at E c.m. /V B = 0.96. GRAZING differential transfer cross sections were folded with a Gaussian distribution to account for the experimental energy resolution of 1 MeV. Overall, GRAZING calculations fail to correctly reproduce the observed trend of increasing average excitation energy with increasing charge product of the projectile and target nuclei. Moreover, and similar to the previous optimum Q-value considerations, at large excitation energies calculated differential transfer probabilities fall below those extracted from the measured excitation energy spectra for the reaction 32 S+ 208 Pb. This is consistent with GRAZING results for the kinetic energy loss spectra of the PLFs following 2p transfer in the reaction 40 Ca+ 208 Pb in Ref. [27] , which also show large discrepancies at high excitation energies between the calculated and measured differential transfer cross sections as a function of excitation energy for measurements at beam energies near the fusion barrier.
The failure to properly reproduce the measured large kinetic energy losses in the PLFs following 2p transfer (corresponding to large excitation energies in the residual nuclei) indicates dissipative processes in 2p transfer which are not included in the GRAZING model.
Conclusion
In conclusion, the following results were obtained from a detailed analysis of the projectile-like fragments detected at a backward angle in the reactions 16 O, 32 S+ 208 Pb:
1. Transfer of two protons (2p-stripping) in the reactions 16 O, 32 S+ 208 Pb occurs with a significant probability already at energies well below the fusion barrier. 2p transfer is the predominant ∆Z = 2 transfer process, with absolute probabilities being ∼ 2−3 times larger than those for α-particle transfer. 2. The transfer excitation functions for 2p transfer in 16 O+ 208 Pb suggest a strong pairing correlation of the two transferred protons. This is supported by TDHF calculations based on the independent particle picture. 3. The residual nuclei following 2p and α-particle transfer are left in highly excited states, with excitation energies up to ∼ 15 MeV and ∼ 25 MeV for the 16 O-and 32 Sinduced PLFs, respectively. A comparison with Q opt and GRAZING calculations show projectile-like fragments with larger kinetic energy losses than expected based on these semi-classical considerations. This suggests that dissipative and irreversible processes play an important role already at energies well below the fusion barrier.
These considerations strongly support the idea that fewnucleon transfer triggers the onset of dissipative and irreversible processes in the collision of nuclei already at energies well-below the fusion barrier. This would reduce the tunnelling probability, and suppress the fusion yield at these energies.
